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TOF-SIMS was applied to study the cross-sectional distribution of methylene blue and papain
in porous silicon layers. Elemental and molecular information were used to study their
distributions in the porous region and the chemistry of their adsorption. Methylene blue
(MW  284 Da) penetrated to the base to the pores. Positive ions (SiCH3
) suggest
methylene blue binds to the substrate via its methyl groups. Negative fragments (SiOSH3

and SiO2SCH
–) also suggested chemisorption via O bridging of the substrate Si and
methylene blue S. The larger Papain molecule (23,406 Da) distributed itself in a similar
manner to methylene blue demonstrating larger molecules can be effectively incorporated
into such pore structures. (J Am Soc Mass Spectrom 2010, 21, 254–260) © 2010 American
Society for Mass SpectrometryPorous silicon (pSi) is a nanostructured materialwith 2–50 nm pores and has been investigated foruse in a range of applications, including; optical
[1, 2], biosensing [3], radiotherapy (brachytherapy) [4],
and the delivery of active pharmaceutical ingredients
[5, 6]. The ongoing interest in pSi for use as a therapeu-
tic delivery system is due to the large internal surface
area available, the readily modified surface chemistry
[7] and, in particular, the excellent in vivo biodegrada-
tion and biocompatibility (low toxicity) of the silicon
substrate, hydrolysing to form orthosilicic acid, which
is readily excreted [8]. The loading dynamics of mole-
cules into a pSi matrix is dependent on wetting and the
size of the pores. Likewise, the interaction between a
loaded molecule and the pSi substrate is of interest,
particularly in the case of protein based therapeutics,
whose bioactivity is dependent on remaining in a
specific 3D conformation.
TOF-SIMS analysis provides information regarding
elemental and molecular species present in a sample
surface (i.e., within 1–1.5 nm) with high mass resolution
(up to 10,000 m/m) and spatial resolution for imag-
ing (1 micron). Molecular and elemental information
is obtained for organic and inorganic materials provid-
ing a powerful technique to image organic compounds
associated with inorganic substrates or vice versa [9,
10]. This has been demonstrated by imaging solid-state
pharmaceutical formulations [11–14], however, to date
this has not been extended to porous silicon substrates.
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doi:10.1016/j.jasms.2009.10.007In this study, TOF-SIMS was used to map the distri-
bution of methylene blue and papain across porous
silicon layers after loading from aqueous solution.
Methylene blue (C16H18N3S
, MW  284.12 g/mol) is a
relatively small organic dye molecule commonly used
in adsorption studies and can be considered analogous
to therapeutic molecules. A molecular mass of 284
g/mol is within a reasonable mass range for a TOF-
SIMS’ Ga primary ion beam and can be easily and
uniquely identified without interference or confusion
from spectral peaks originating from the silicon sub-
strate or in the instance of organic contamination. This
molecule was chosen for its convenience, and to assess
the ability to use smaller organic fragments to reflect the
distribution of the molecule of interest. This is impor-
tant to be able to extend this work to studying larger
molecules, such as proteins and enzymes of pharma-
ceutical interest, which will not provide a molecular ion
in TOF-SIMS. In contrast to methylene blue, papain is a
much larger molecule, detailed elsewhere [15], compris-
ing 212 residue units in two domains, giving a molec-
ular weight of 23,406 g/mol. Papain is a cysteine
protease hydrolase enzyme present in papaya. This
molecular weight is far greater than can be detected
with TOF-SIMS, however, fragmentation products can
be detected. Smaller organic fragments can be com-
pared with the distribution of methylene blue to inves-
tigate similarities and differences in loading that may
result from a much larger molecule. These probe mol-
ecules have been specifically chosen to differentiate the
influence of size, structure and chemistry on loading
and distribution into pSi.
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Materials
Porous silicon wafers (p silicon wafers, 0.005–0.020
.cm, 70% porosity, 10 nm pores) were prepared by
electrochemical anodization (hydrofluoric acid/ethanol
electrolyte) [7], andwere used as supplied bypSiMedica Ltd.
(Malvern, UK). Methylene blue (as a chloride salt,
Sigma Aldrich, Sydney, Australia) and papain from
Carica papaya (Fluka, BioChemika, Switzerland) were
used as obtained without further purification. Ultra
high purity deionized water (Milli-Q, Millipore, Syd-
ney, Australia) was used throughout all experiments.
Preparation of Loaded Porous Silicon Wafers
The porous silicon wafers have a porous region span-
ning a depth of 100 micron into the surface of the
wafer with 10 nm pores. The methylene blue (MB,
C16H18N3S, Mw  284.12 g/mol, Figure 1) and papain
(212 amino acid residues, Mw  23,406 g/mol) were
loaded into the pSi wafers (0.5 cm2) using an immer-
Figure 1. Positive ion TOF-SIMS spectrum from
wafer, dominated by Si, 27.97 Da. Other pea
(clustered around 286 Da), its fragments (such
SiOH at 44.98 Da). Ga (68.92 Da) originates fromsion method, whereby the wafer sections were placed in
10 mL of the appropriate aqueous solution (0.8
mg/mL and 20 g/mL, respectively) for 1 h before
rinsing with fresh Milli-Q water and dried under nitro-
gen. Similarly, a blank wafer (i.e., not exposed to MB or
papain) was prepared in Milli-Q water for 1 h, then
dried under nitrogen. Wafers were fractured immedi-
ately before analysis and mounted in a clamp to hold
the wafer perpendicular to the analysis plane to analyze
the wafer cross-section.
Time-of-Flight Secondary Ion Mass Spectrometry
(TOF-SIMS)
A Physical Electronics PHI TRIFT II TOF-SIMS with a
pulsed liquid metal Ga ion gun was used with an
accelerating potential of 15 kV to optimize for spectral
resolution (typically between 3000 and 5000 m/m)
and 25 kV to optimize spatial resolution (1 micron
and 1500–3000 m/m). Data were acquired for a
mass range of 0–1000 Da. No significant spectral infor-
mation was observed for mass-to-charge (m/z) ratios
orous region of a methylene blue loaded silicon
e indicative of the methylene blue parent ion
rious C H peaks), and the substrate (such asthe p
ks ar
as va x y
the primary ion source.
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acquired; however the positive ion spectra yielded
significantly more information. Analysis was per-
formed with 20-ns 600-pA DC pulses at a rate of 11 kHz
focused onto the sample. This translates to a primary
ion dose of 4.9  108 ions for an analysis of 10-min
duration. Doses per unit area are dependent on the time
of the acquisition and the area rastered, however, static
limits were adhered to. It is important to note that the
detection sensitivity between species is highly variable
and matrix dependent. Therefore, signal intensities
from two species of equal magnitude do not necessarily
represent equivalent concentrations. Similarly, different
materials but with equal concentrations can produce
different signal intensities. This work only discusses
changes in relative signal intensities from samples of
the same matrix. Signal intensities were calculated as a
fraction of the total ion counts. All TOF-SIMS images
produced were normalized by the total ion image
(pixel-by-pixel division) to remove topographic and
secondary ion yield effects. Line scans were generated
from these normalized images and scaled to the frag-
ments’ maximum intensity.
For this study, six samples were analyzed: silicon
wafers spin-coated with MB and papain; a fresh pSi
wafer (not exposed to water); a wafer exposed to only
the Milli-Q water; and each wafer section exposed to
MB and papain, respectively. Although results from the
spin-coated and two “blank” wafer sections are not
presented here, their analysis assisted in the spectral
interpretation and to ascribe peaks observed in the
MB-loaded pSi wafer TOF-SIMS data, particularly
whether observed signals were due to organic loading
rather than contamination or other artefacts that may
have been incorporated during the manufacture pro-
cess, handling, or storage.
Results and Discussion
A positive ion spectrum from the methylene blue
loaded region of a porous silicon wafer is shown in
Figure 1. Several prominent peaks in the negative and
positive ion spectra indicate the silicon substrate. Si,
SiO, SiO2
, and SiO3
 were present as expected for
silica materials [16], conversely, however, for the po-
rous silicon material studied here, SiOH, SiO2H
–, and
SiO3H
– peaks were more prominent. This effect has
been ascribed to the hydrolysis of the silicon surface
and formation of silanol functional groups during ex-
posure to aqueous environments in the sample prepa-
ration. There is also evidence of fluorination of the
surface from the etching process by way of TOF-SIMS
signals due to SiF-.
Methylene blue was indicated by the group of frag-
ments dominated by the peak at 285 Da. The cationic
molecular ion occurs at 284 Da ([MB]) but the 285 Da
([MBH]•) peak had a factor of2 more counts. This
can be ascribed to a combination of (MH) and/or
(M)H due to a reductive process and isotopic M [17].The 284, 285, and 286 Da peak intensities are highly
dependent upon matrix effects. In MALDI, the [M 
1]/M peak ratio was shown to vary from 34% to 123%,
depending on matrix-to-analyte ratios [17]. Such frag-
ment intensities may also depend on the micro-structure of
the fractured surface [18] and the primary ion proper-
ties [19, 20]. The cationic dye fragment possesses a
nonlocalized charge due to resonance forms of methyl-
ene blue with a positively charged S and a positively
charged quaternary ammonium group. The groups of
peaks adjacent to the molecular cluster, at lower mass
units, reflect the sequential loss of small fragments such
as methyl groups from the molecule. The mass frag-
ment at 39.02 Da can be indicative of C3H3 fragments
generated from the aromatic organic species [21], which
would be conducive with the chemical structure of
methylene blue.
Images of several fragments at the pSi sample sur-
face are given in Figure 2. The total ion yield (TIY)
demonstrates some topographic features induced in the
fracturing of this surface. Secondary ion yield effects are
normalized out for abundant species such as Si. For
low yielding species, some of these topographically-
induced features can remain. Some apparent ‘noise’
was induced in imaging low molecular weight organic
peaks, such as C3H5 etc. due to topographic broadening
of peaks, which induced slight overlaps with Si-C based
fragments. Region of interest analysis was used to
remove these effects for confirming the identity of
peaks and discounting contamination. Line scans of the
porous region of the blank pSi wafer shown in Figure 3
are given in Figure 4. No changes in the relative Si or
SiOH signal were observed through the extent of the
porous region. A subtle decrease in the relative signal of
SiH could indicate a slight change in the silicon
chemistry at the base of the pore, however this change
is minor and probably does not reflect a change signif-
icant enough to result in such a dramatic effect in the
organic distributions (Figure 5).
The image of organic peaks indicative of methylene
blue in a mass range of 235–290 Da is provided, as well
as a selection of smaller organic fragments. It is impor-
tant to note that these organic peaks were not present in
the blank wafer or the water exposed wafer. The
distribution of methylene blue and the associated or-
ganic fragments are seen to deposit at the deepest pore
regions, exemplified in Figure 5. Such a distribution
could be induced by either different chemistry in the
deeper region (which is not obviously apparent), or as
an artefact due to the loading dynamics of the methyl-
ene blue or subsequent washing. Additionally, restric-
tion of movement in the bottom of pores may increase
residence time and likelihood of binding. Pore constric-
tion at greater depths may also offer a means for this
observation to occur. The possibility of limited diffusion
of MB from out of the shallow pore regions during
drying of the wafer cannot be discounted. However, in
this case, it would be expected that an intense deposit of
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which has not been detected here.
An added benefit of analyzing such systems with
TOF-SIMS is the potential for gaining chemical infor-
mation identifying the association of specific functional
groups involved in any chemical bonding. Molecular
ions, for instance, can reveal fragments generated from
a combination of the substrate and deposited material.
An interesting peak in Figure 1 occurs at 313 Da,
ascribed to (MSi)H or (MSiH) suggesting that the
methylene blue may have chemically interacted and
bound to the substrate. The presence of SiCH3
 as a
prominent peak suggests this interaction has occurred
with the dye’s methyl groups. This fragment can also
originate due to siloxane contamination, however, in
this case, can be discounted, confirmed by the absence
of other indicative peaks in the positive and negative
spectra, particularly SiC3H9
 at 73.047 Da. These Si
containing fragments are spatially distributed in a cor-
related manner to the methylene blue molecular ions.
An additional aspect noteworthy is the presence of
Cl– in the negative ion spectra (not shown) in the
porous region. Cl– was observed in the blank wafer as
well as the loaded wafer. This can originate from HCl
existing in small quantities in the HF used for the silicon
anodization process. Additionally, further Cl could
originate from the methylene blue chloride salt used in
the preparation of the solution. Free anionic chloride
and/or fluoride ions could interact with the substrate or
cationic dye and impose competitive processes in the
adsorption of the organic molecule. Alternatively, they
may act to obscure the porous silicon and inhibit
reaction of the organic molecules with the surface. A
Figure 2. Positive ion images of a methylene
some topographic effects, but the Si image h
Images of organic peaks demonstrate methylen
regions of the porous layer. Numbers in parenth
pixel).
Figure 3. Positive ion images from a “blank”
effects in the TIY are removed in the normaliza
indicate: (total ion counts; maximum count per pixelsmall SiCl– peak was also identified, with the presence
of chloride ions due to the elimination of hydroxyl
groups from a silica surface [22].
It is tempting to designate sulphur-containing peaks
at 78.95 and 104.95 Da to SiOSH3
 and SiO2SCH
–. These
can be resolved from overlaps with SiO3H3
 and
SiO4CH
–, respectively. However, the contaminant PO3

could overlap the former and Si2O3H
– the latter. No
other peaks existed to give evidence for contamination.
These fragments, unique to the loaded region, could
suggest bridging of the Si substrate and the positively
charged methylene blue sulphur via a surface hydroxyl
group. In aqueous solution, methylene blue exists as a
positive ion. In a neutral pH environment, the acidic
nature of the hydroxylated substrate surface leads to
deprotonation of the silanol termini, thus providing
SiO groups that can readily interact with cationic
species. Hence, chemisorption via oxygen bridging of
the substrate silicon and the methylene blue’s sul-
phur is quite feasible but requires additional scrutiny
for confirmation.
While a small organic molecule (methylene blue) can
therefore penetrate into the porous structure, as shown
here, it is important that larger proteinaceous molecules
can also infiltrate such structures. Confirmation of this,
via the loading of papain, is given by the images in
Figure 6. Spectra are included in the Supplementary
Material, which can be found in the electronic version of
this article. Peaks from 90 Da onwards in the positive
ion spectrum were largely of organic composition. Due
to their position relative to the nominal mass units, it is
believed that these peaks include a combination of
higher order CxHySi as well as CxHy and other N, O,
loaded wafer. The total ion yield demonstrates
hts the porous and bulk region of the wafer.
e penetration and adsorption into the deepest
indicate: (total ion counts; maximum count per
us silicon cross-section. Note that topographic
of specific fragments. Numbers in parenthesesblue
ighlig
e blu
esesporo
tion). Bar  10 micron.
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size that these peaks were not present in the blank
wafer, or the wafer exposed to milli-Q H2O, i.e., they
originate due to the loading of the protein. Similarly to
the methylene blue, the papain has preferentially been
deposited into the deeper reaches of the porous zone.
There is some concern regarding whether the iden-
tification of organo-silicon fragments are correctly from
the sample rather than recombination in the ion cloud
above the sample surface during or after the sputtering
process. Energetics from the bombarding primary ions
may induce chemical transformation from the original
arrangement. Francis et al. [23] observed results they
believed to form from sub-surface aluminium combin-
ing with organic molecules in the sputtering process.
Upon surface treatments of silica, chemical interac-
tions can become observable in SIMS spectra. Hua et al.
[24] studied plasma interactions with the surface of
nano-porous silica. Their studies suggested that par-
tially treated surfaces exhibited interactions between the
plasma and matrix. Intermediate etch products demon-
strated ion induced reactions between the fluorocarbon-
plasma and the nano-porous silica resulting in SixOyF
fragmentation. This latter example is from a highly
chemically reactive environment, however, Francis et
al. [23] analyzed octadecylphosphonic acid monolayers
deposited on mica via spin coating from solution. While
the Al containing fragments appeared to be through a
recombination process, they also observed fragmenta-
tion demonstrating the presence of ionic bonds between
the substrate and deposited monolayer.
Other authors dismiss there being reasonable prob-
ability that recombination occurs in the sputter plume.
Arafat et al. [25] concluded that fragments correspond-
ing to Si–C bonds in their SIMS spectra were indicative
of covalent binding between the monolayer of alkyl
chains and the silicon nitride substrate, as the low ion
flux used in TOF-SIMS makes recombination above the
surface an unfavorable process. Additionally, neutral
ions may be ejected from the surface and, due to the
Figure 4. Line scans across the porous region of a blank wafer.
The uniformity of these fragments suggest there is negligible
change in the substrates chemical structure with increasing pore
depth.internal kinetic energy, subsequently dissociate to formthe detected ion. Hence, ions may form at a relatively
large distance from the surface and, hence, by this
means, there would be minimal opportunity for subse-
quent reaction to occur with other ions in the sputter
plume.
Aubriet et al. [26] used an almost identical SIMS
experimental arrangement as here, and compared frag-
mentation patterns of compounds versus mixtures of
the same components. While their study was restricted
to inorganic components, they suggest that the recom-
bination of species sputtered in vacuum is not a signif-
icant occurrence. In contrast, the main pathway for ion
formation, for oxide compounds in particular, occurs
due to direct ejection of species into the vacuum upon
ion bombardment. Therefore, while recombination can-
not be entirely discounted, there exists reasonable evi-
dence to support that the Si containing fragments
acquired in these experiments do reflect chemical inter-
actions between the porous silicon substrate and or-
ganic material loaded therein. Molecular dynamic sim-
ulations could be used to investigate this phenomenon
more rigorously [27] and could be addressed in the
future with greater computational power [28].
Conclusions
Evidence of newly formed Si–C bonds and possible
Si–O–S bonds has been presented here. Imaging has
also shown the distribution of organics after deposition
for assessing loading behavior by literally observing
where the organic molecules reside. Porous structures
are a viable substrate for loading small and large
organic molecules. Loading dynamics as a function of
time, concentration, and pore structure can be studied.
In addition, due to the detection of organic, inorganic,
and molecular fragments with TOF-SIMS, complimen-
tary data obtained from infrared and X-ray photoelec-
tron spectroscopy [29] can enhance understanding of
the chemical mechanisms for adsorption.
Future application within the authors’ host institu-
tion is anticipated, with more advanced primary ion
sources. The organic signals will be significantly im-
Figure 5. Line scans across the porous region of a methylene
blue loaded wafer. The organic fragments indicate methylene blue
has deposited in the deepest pore region.
nts; m
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[32], or Au cluster source [33], and coupled with mul-
tivariate statistical techniques [34, 35]. Such sources
provide greater ionization efficiency and yields of larger and
more indicative fragments [36]. Metal-assisted SIMS could
also provide significant improvement [37]. These more
informative sources may elude more chemical informa-
tion regarding the binding mechanisms facilitating the
adsorption of organic material in such substrates.
These results assist in understanding the interaction
between probe molecules and the internal nano-porous
network structure of a pSi wafer and, more importantly,
provide information about the specific chemical versus
physical binding. This is assisting in optimizing the
loading of porous silicon particles with active pharma-
ceutical ingredients for delivery.
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